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INTRODUCTION 1
Syncytium assay. Monolayers of Vero cells grown in 6-well plates were transfected with 1.0 µg 1 pCAGGS HA as described above, or infected with recombinant virus at a multiplicity of 2 infection (MOI) of ~3 plaque forming units (PFU) per cell. At 16 hours post-transfection or 6 3 hours post-infection, cell monolayers were overlaid for 5 min with phosphate-buffered saline 4 with magnesium and calcium (PBS+) that was adjusted to the reported pH with a 0.1 pH unit 5 resolution using 0.1 M citric acid. Cells were neutralized by using DMEM (containing 10% fetal 6 bovine serum and 1% glutamine) and incubated at 37 °C for 2 h. Samples were fixed and stained 7 with a Hema 3 stat pack staining kit (Fisher) according to the manufacturer's instructions. 8
Representative microscopic fields were captured with a Nikon D70 digital camera attached to a 9
Nikon Eclipse TS100 inverted microscope (26) . 10 11 NA activity assay and NA inhibition. A modified fluorometric assay was used to determine the 12 enzymatic activity of the NA protein present in transfected cell lysates with the fluorogenic 13 substrate 2′-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid (MUNANA; Sigma) (15, 34, 14 59) . The fluorescence of the released 4-methylumbelliferone was measured in a Fluoroskan II 15 spectrophotometer (Labsystems, Helsinki, Finland) using excitation and emission wavelengths of 16 355 and 460 nm, respectively. NA protein enzymatic activity was standardized to 0.1 mg total 17 protein by using a BCA assay (Sigma, St. Louis, MO) was determined by performing a syncytia-formation assay in parallel.
RESULTS

2
The HA protein mutations have little effect on the in vitro replication kinetics of 3 recombinant H5N1 influenza viruses. In a previous study, we identified four mutant H5 HA 4 proteins whose pH values of membrane fusion differed from that of wild-type HA protein when 5 expressed from transiently transfected plasmid DNA (36). Here we determined whether the HA 6 protein mutations affected the in vitro replication kinetics of recombinant H5N1 influenza 7
viruses by generating single-step and multiple-step growth curves. Single-step growth curves 8
showed that mutant and wild-type viruses grew at similar rates over the 10-hour time course 9 ( Figure 1A ). In multiple-step growth curves, viruses containing the HA protein mutations 10 Y23 1 H, H24 1 Q and K58 2 I had replication rates similar to wild-type virus ( Figure 1B) . Titers of 11 the virus containing an N114 2 K mutation in the HA protein were similar to those of wild-type 12 virus at the 12-hour time point but were later reduced by 1-3 log 10 . 13
14
The HA protein mutations alter the pH of membrane fusion in vitro. The cell-surface 15 expression, cleavage, receptor binding affinities, and membrane fusion efficiencies of the mutant 16 HA proteins in Vero cells were previously found to be similar to those of wild-type virus (36). 17
Moreover, infection of the viruses in DF-1 primary chicken embryonic fibroblasts resulted in 18 similar HA protein properties as when the viruses were infected in Vero cells. To determine the 19 effects of the mutations on the pH of membrane fusion, monolayers of MDCK cells were 20 infected with recombinant H5N1 influenza viruses at an MOI of ~3 PFU/cell and then exposed 21 to PBS solutions of varying pH, at a resolution of 0.1 units. The highest pH at which cell-cell 22 membrane fusion was induced in cells infected with wild-type virus was 5.9 ( Figure 2 ). The 23 mutations H24 1 Q and K58 2 I reduced the pH of membrane fusion to 5. 6 and 5.4, respectively, 24 while the Y23 1 H and N114 2 K mutations increased the pH of membrane fusion to 6.3 and 6.4, 1 respectively. The N114 2 K mutation which increased the pH of HA activation by 0.5 pH units 2 resulted in decreased virus fitness over several cycles of replication in vitro, while the other 3 mutations did not alter in vitro replication kinetics. 4
5
The N114 2 K mutation is genetically unstable over multiple passages in eggs. To test the 6 genetic stability of the HA protein mutations, wild-type and mutant viruses were passaged 10 7 times in 10-day old embryonated chicken eggs. The sequence identity of each of the passage 1 8 (P1) recombinant viruses had been confirmed previously (36) . Purified viral RNA sampled from 9 allantoic fluid at P5 and P10 was sequenced. In parallel, syncytia formation assays were 10 performed using Vero cells infected with P10 viruses to determine whether repeated passage in 11 eggs resulted in any mutations that might alter the acid stability of the viral HA proteins (Table  12 1). Wild-type virus and viruses containing HA protein mutations H24 1 Q and K58 2 I showed no 13 additional mutations over the course of 10 passages and no change in the pH of membrane 14 fusion. Virus containing the Y23 1 H mutation maintained the mutation for at least 5 passages in 15 eggs and acquired an additional HA protein mutation, R228 1 I, between P5 and P10. Residue 16 R228 (H5 numbering) is located in the receptor-binding pocket of the HA1 subunit with its 17 sidechain facing away from the pocket (46, 57) such that the R228 1 I mutation may enhance 18 receptor binding in eggs (56) . Despite the extra R228 1 I mutation, the P10 virus caused membrane 19 fusion at a pH of 6.3, as did P1 Y23 1 H virus without the additional R228 1 I mutation. The virus 20 containing the N114 2 K mutation in the HA protein was the only recombinant virus that had an 21 altered pH of membrane fusion at P10 compared to the P1 stock virus, a decrease from pH 6.4 to 22 6.1 (Table 1) . Both P5 and P10 K114 2 N viruses showed reversion mutations, demonstrating that 23 the N114 2 K mutation was not genetically stable and was selected against within 5 passages. 
H5N1 influenza viruses.
The environmental stability of highly pathogenic H5N1 isolates has 3 been found to be lower than that of lower-pathogenicity viruses (1, 2). To determine whether 4 changes in the pH of fusion of the HA protein alter the environmental stability of H5N1 viruses, 5
we incubated the viruses in the present study at 28 °C for 8 days and measured virus titer as a 6 function of time by plaque assay. Data from each series was plotted, and the gradient of virus 7 degradation was calculated by linear regression analysis ( Table 2 ). Wild-type virus and the virus 8 containing a Y23 1 H mutation in the HA protein showed a similar rate of titer reduction (1 log 10 9 every 10 days), a rate of degradation that matches those of other highly pathogenic H5N1 10 isolates (2) . This result suggests that changes in the pH of fusion as great as +0.4 pH units can be 11 tolerated without a loss in environmental stability. Viruses containing H24 1 Q and K58 2 I 12 mutations, both of which promoted membrane fusion at lower pH values than wild-type virus, 13 were calculated to lose 1 log 10 in titer every 13 days. Thus, the two mutant viruses with lower pH 14 values of activation retained infectivity longer than the wild-type virus. The virus containing an 15 N114 2 K mutation rapidly lost infectivity in the environmental stability experiment, losing 1 log 10 16 in titer approximately every 2 days (Table 2) . Therefore, an increase in the pH of HA activation 17 to 6.4 due to the N114 2 K mutation resulted in greatly reduced environmental stability, and a 18 decrease in the pH of activation of the HA protein to 5.6 or 5.4 due to the H24 1 Q and K58 2 I 19 mutations, respectively, moderately increased environmental stability. 20
22
The pH of activation of the HA protein contributes to the pathogenicity and 23 transmissibility of H5N1 viruses in mallards. To measure the biological properties of the 24 on June 27, 2017 by guest http://jvi.asm.org/ Downloaded from mutant viruses in mallards, we inoculated duplicate groups of three animals and introduced two 1 contact animals into the cage of each group after one day. Wild-type and H24 1 Q viruses induced 2 considerable weight loss in both inoculated and contact animals ( Figure 3 ) and caused death in 3 60% and 70%, respectively, of animals (Table 3) . Conversely, the Y23 1 H and K58 2 I viruses did 4 not induce weight loss or death in either inoculated or contact animals. Moreover, the Y23 1 H 5 virus caused only cloudy eyes in 50% of the inoculated ducks, while the K58 2 I virus caused 6 cloudy eyes in only one contact duck. While the virus containing an N114 2 K mutation in the HA 7 protein did not induce weight loss or death in inoculated ducks, contact animals in this group 8 unexpectedly showed weight loss after 4 days, and three of the four contact animals died. 9
Neurological signs were observed in these contact animals, whereas none were observed in the 10 inoculated group. Because of these unexpected findings, we sequenced viral RNA isolated from 11 positive swabs from surviving inoculated and contact birds on days 7 and 10. In all cases, the 12 N114 2 K mutation had reverted to the wild-type N114 2 , as it had after serial passage in eggs 13 (Table 1) . This reversion offers the most plausible explanation for the increased transmissibility 14 and pathogenicity in contact birds in the N114 2 K group. The reversion mutation also explains the 15 greater weight loss, morbidity, and mortality in the contact birds than in the infected birds in this 16 group. No other reversion mutations were sequenced from swabs of contact ducks infected with 17 the other viruses including H24 1 Q. 18
To assess replication and transmission potential, titers of virus shed from the trachea and 19 cloaca were measured (Table 4) . Inoculated birds in all groups shed virus on day 3; therefore, all 20 of the viruses were capable of initial infection and replication. However, even at this early time 21 point, the viruses containing HA protein mutations Y23 1 H and K58 2 I productively infected fewer 22 ducks than wild-type and H24 1 Q viruses. Wild-type and H24 1 Q viruses were shed at similar 23 levels on days 3 and 5. On day 7, wild-type virus was not shed, whereas H24 1 Q virus continued 24 on June 27, 2017 by guest http://jvi.asm.org/ Downloaded from to be shed. All contact birds in the wild-type and HA24 1 Q groups were shedding virus by day 3 1 p.i. (100% transmission). All contact birds in the H24 1 Q group succumbed to infection, whereas 2 only half of the contact birds in the wild-type group died. The Y23 1 H virus was not detected in 3 any contact birds throughout the experiment, showing that the mutation results in attenuated 4 transmission as compared to that of wild-type virus. Five days p.i., the K58 2 I virus was detected 5 in one inoculated bird and one contact bird, showing that its fitness and transmissibility were 6 lower than that of wild-type virus. The N114 2 K virus showed inconsistent shedding in inoculated 7 birds. Inoculated birds shed virus on day 3 but not on day 5, yet some birds again shed virus on 8 days 7 and 10. This result suggests that transmission to contact birds was mediated by the 9 reverted K114 2 N virus, which was then transmitted back to inoculated ducks before being 10 detected on days 7 and 10. On day 3 p.i., tracheal shedding was generally observed more often 11 and at higher titers than cloacal shedding, consistent with previous work (48). The H24 1 Q and 12 K58 2 I mutations did not appear to increase cloacal virus shedding, and therefore small decreases 13 in the pH of activation (and inactivation) of the HA protein may be insufficient to enhance virus 14 replication in the low-pH environment of the duck digestive tract (49). 15
We also investigated shedding of the recombinant viruses by titrating virus in the ducks' 16 water dishes. Wild-type virus was detected on days 1, 3 and 5 p.i. and had a peak titer of 3.25 17 log 10 EID 50 on day 3 (Table 5) . No Y23 1 H virus was detected on any day, consistent with low 18 shedding of this virus on day 3 and none on days 5, 7, and 10 p.i.. The K58 2 I virus titer in the 19 water dishes was comparable to that of wild-type virus on days 1 and 3 but was subsequently 20 undetectable, consistent with the pattern of virus shedding from the trachea and cloaca of ducks 21 (Table 4 ). The presence of N114 2 K virus in water dishes on days 3 and 5 but not on day 1 is 22 consistent with low-level shedding until after reversion. Higher titers of the H24 1 Q virus than 23 that of wild-type virus were detected in the water dishes on days 1 through 7, consistent with this 24 protein from 5.9 to 6.4, allowing activation at mildly acidic conditions. This mutation 7 dramatically reduced the fitness of the virus in three ways: (1) multiple-step replication in vitro 8 was reduced by a factor greater than 10; (2) infectivity in the environment decreased 4 times as 9 rapidly as that of wild-type virus; and (3) the virus reverted to the wild-type sequence within 5 10 passages in chicken eggs and after inoculation in mallards. The N114 2 K mutation may increase 11 the pH of activation of the HA protein above the threshold pH at which a significant portion of 12 intracellularly cleaved HA trimers become prematurely triggered, and inactivated, during 13 transport to the cell surface (44). The HA protein mutations Y23 1 H and K58 2 I changed the 14 activation pH of the HA protein to 6.3 and 5.4, respectively. While these two mutations had 15 opposite effects on the activation pH, the recombinant viruses bearing the mutations had similar 16 phenotypes. Despite in vitro replication rates similar to that of wild-type virus, the viruses 17 bearing Y23 1 H and K58 2 I mutations did not induce weight loss, neurological signs, or mortality 18 in mallards, were not efficiently transmitted, and were shed significantly less. Overall, the data 19
show that efficient and sustainable infection of mallards by H5N1 influenza virus is not 20 supported by HA protein activation pH values less than 5.5 or greater than 6.
21
The results of experiments with the virus bearing an HA-H24 1 Q mutation suggest that 22 robust infection in mallards is supported by activation pH values between 5.6 and 5.9. The data 23 also raise the possibility that natural mutations that slightly reduce the pH of activation of the HA 24 on June 27, 2017 by guest http://jvi.asm.org/ Downloaded from protein could increase the transmission of H5N1 influenza viruses among mallards. The wild-1 type virus and the HA-H24 1 Q virus had similar replication kinetics in vitro and induced similar 2 weight loss, mortality, clinical signs, and shedding in mallards, but higher titers of H24 1 Q virus 3 were found in the ducks' water dishes, and the H24 1 Q virus retained infectivity ~20% longer 4 than wild-type virus in an environmental stability experiment. The fact that all of the contact 5 ducks succumbed to infection with transmitted H24 1 Q virus while only half died from 6 transmitted wild-type virus also suggests that contact ducks were exposed to a larger inoculum of 7 H24 1 Q virus. 8
Our results demonstrate that the pH of activation of the HA protein plays a key role in the 9 pathogenicity and transmissibility of H5N1 influenza viruses in mallards. Natural H5N1 virus 10 isolates are highly pathogenic in many, but not all, duck species (21, 47, 48), and their 11 transmission among wild ducks and from wild ducks to domestic poultry and mammals, 12 including humans, has been a key element in their natural ecology (10, 33, 54) . Moreover, wild 13 ducks are thought to be a main reservoir of low-pathogenicity avian influenza viruses (33) . The 14 intraspecies and interspecies transmission of influenza viruses depends on at least four factors: 15
(1) the amount of virus shed by the donor; (2) the stability of the virus in the environment over 16 time; (3) the time between donor shedding and acceptor exposure; and (4) the infectivity of the 17 virus in the acceptor animal. As the pH of activation of the HA protein was found here to 18 determine both the amount of shedding from ducks and the stability of virus in the environment, 19 this molecular property may have an essential role in propagation of H5N1 viruses in aquatic 20 birds. Furthermore, HA mutations that maximize virus shedding and environmental stability via 21 altered HA acid stability may be expected to promote both intraspecies and interspecies 22 transmission. A broad survey of the environmental stability of twelve low-pathogenicity avian 23 influenza viruses of varying subtypes revealed that they were generally most stable at a slightly 24 basic pH (7.4-8.2) , low temperature, and fresh to brackish salinity (1). The viruses lost infectivity 1 much more rapidly after incubation in acidic conditions (pH < 6.6), warmer temperatures, and 2 higher salinity. Among the HA mutations characterized in the present study, the N114 2 K 3 mutation increased the pH of activation to 6.4 while significantly reducing environmental 4 stability, and the H24 1 Q and K58 2 I mutations reduced the pH of activation to 5.6 and 5.4, 5 respectively, and moderately increased environmental stability. Thus, the pH of activation of the 6 HA protein contributes to the duration of H5N1 influenza virus infectivity in the environment. 7
In the present study, an optimal range in the pH of activation of the HA protein supported balance between neuraminidase activity and the receptor binding activity of the HA protein is 1 well known in many influenza virus subtypes (17, 20, 29, 30, 52) . 2
In influenza viruses of the H3N2, H7N1 and H7N7 subtypes, an increase in the pH of 3 activation of the HA protein results in resistance to high concentrations of amantadine (>0.1 4 mM), which raise the endosomal pH (6, 9, 18, 44) . In a recombinant virus bearing the envelope 5 glycoproteins of A/Netherlands/219/03 (H7N7), an HA-G23 2 C mutation in the fusion peptide 6 that reduced the pH of membrane fusion from 5.4 to 4.4 reduced in vitro replication by more 7 than 2 log 10 and increased the MLD 50 by more than 3 log 10 (18). Thus, in mammalian species 8 there may also be an optimal range of HA protein activation pH that supports efficient virus 9 replication, infection, and pathogenicity. As high-and low-pathogenicity influenza viruses differ 10 in their tissue tropism in avian and mammalian species (24, 27) , the optimum pH values at which 11 their HA proteins are activated to support successful infection and transmission may differ 12 according to the influenza virus and the host species. Future investigation of the biological 13 properties of the recombinant viruses from the present study in mouse and ferret models may 14 reveal whether changes in the pH of activation of the HA protein support the adaptation and 15 transmission of H5N1 influenza viruses in mammalian species, which is a significant factor in 16 the pandemic potential of these viruses. 17
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